The typical MEMS fabrication of micro evaporators ensures the perfect smooth wall surface that is lack of nucleation sites, significantly decreasing the heat transfer coefficients compared with miniature evaporators fabricated using copper or stainless steel. In the present paper, we performed the boiling heat transfer experiment in silicon triangular microchannel heat sink over a wide parameter range for 102 runs. Acetone was used as the working fluid. The measured boiling heat transfer coefficients versus the local vapor mass qualities are compared with the classical Chen's correlation and other correlations for macro and miniature capillary tubes. It is found that most of these correlations significantly over-predict the measured heat transfer coefficients. New correlations are given. There are many reasons for such deviations. The major reason is coming from the perfect smooth silicon surface that lowers the heat transfer performances. New theory is recommended for the silicon microchannel heat sink that should be different from metallic capillary tubes.
Abstract The typical MEMS fabrication of micro evaporators ensures the perfect smooth wall surface that is lack of nucleation sites, significantly decreasing the heat transfer coefficients compared with miniature evaporators fabricated using copper or stainless steel. In the present paper, we performed the boiling heat transfer experiment in silicon triangular microchannel heat sink over a wide parameter range for 102 runs. Acetone was used as the working fluid. The measured boiling heat transfer coefficients versus the local vapor mass qualities are compared with the classical Chen's correlation and other correlations for macro and miniature capillary tubes. It is found that most of these correlations significantly over-predict the measured heat transfer coefficients. New correlations are given. There are many reasons for such deviations. The major reason is coming from the perfect smooth silicon surface that lowers the heat transfer performances. New theory is recommended for the silicon microchannel heat sink that should be different from metallic capillary tubes. In the past several years, boiling heat transfer in miniature channel heat sink (typical hydraulic diameter of millimeter) fabricated using metallic material (copper, stainless steel, etc.) has been widely studied. Silicon based microchannel heat sinks have the following advantages: (1) silicon has large thermal conductivity; (2) the chip size can be more compact, which is easy to integrate with sensors and IC circuits; (3) it may erase the odd thermal stress due to the compatible IC packaging of silicon microchannel heat sink with other components. Silicon microchannel heat sinks can have the hydraulic diameter down to micron scale that is not possible for the conventional fabrication methods. Besides, the channel wall is very smooth which is void of nucleation sites, significantly affecting the bubble nucleation process. The reported polysilicon surface has the wall roughness of 6.5 nm (Lin et al. 1998) , which is less than the critical bubble nucleation sizes corresponding to homogeneous nucleation for typical coolant liquids.
In our previous studies (Xu et al. 2005a) , we found that the silicon microchannel heat sinks with the hydraulic diameter of 155.4 lm can repeat the flow patterns in the timescale of milliseconds. A full cycle can be subdivided into three distinct stages: (1) liquid refilling stage; (2) bubble nucleation, growth and coalescence stage; and (3) transient liquid film evaporation stage. In the second stage, the triplet bubbles are nucleated and grow up in the three-channel corners simultaneously until coalescences take place. Under such circumstances, the three-channel corners become the active nucleation sites. The fast coalescence of the three corner bubbles causes the separation of a single liquid plug into two parts, which are pushed out of channels in less than 1 ms. In the third stage, the liquid films accumulated in the three-channel corners become less and less, until fresh liquid refills the channels again.
We further provide a link between the transient flow patterns and boiling heat transfer behaviors (Xu et al. 2005b) . It is found that the boiling numbers can characterize the heat transfer performances. Over a wide parameter ranges of boiling numbers, three heat transfer regions exist: (1) the low boiling number region: the boiling heat transfer coefficients are increased along the flow direction; (2) the medium boiling number region (nucleate boiling heat transfer mechanism): the boiling heat transfer coefficients are constant along the flow direction. The heat transfer performance is dependent on the heat fluxes only, while mass fluxes have no effect;
(3) the high boiling number region (convective heat transfer mechanism): the boiling heat transfer coefficients are decreased along the flow direction. The heat transfer performance is mainly relied on the mass fluxes, while heat fluxes have less effect.
The above conclusion is deduced by the accurate measurements of the chip surface temperatures using the infrared radiation image system. The literature survey shows that the chip surface temperature and heat transfer coefficient distributions are less reported for the silicon microchannel heat sinks. The conventional measurement methods using thermocouple wires can only measure the temperatures for specific locations.
The objective of the present paper is to assess the available boiling heat transfer coefficients reported in literatures for the silicon microchannel heat sinks. These heat transfer coefficients are from the classical Chen's correlation, and some of correlations for the macro or miniature capillary tubes for the metallic material. It is found that most of these correlations over-predict the heat transfer performances for silicon microchannel heat sinks, except the Chen's correlation. In comparison with the test sections used to develop the correlations in the literature, the lack of nucleation sites on the smooth silicon walls of the present channels is the reason that the correlations over-predict the present data.
Experiment description

Silicon microchannels
The microfluidic experimental setup was built in Guangzhou Institute of Energy Conversion, Chinese Academy of Science. The parallel silicon microchannel heat sink was shown in Fig. 1a . The silicon chip is 30 mm in length, 7 mm in width and 530 lm in thickness. Ten triangular microchannels were etched and centrally located in the silicon substrate, each with 300 lm in width, 212 lm in depth, forming the hydraulic diameter of 155.4 lm. The ten microchannels cover the length of 21.45 mm, 4.350 mm of width. A pyrex glass cover was bonded with the silicon wafer. At the backside of the silicon wafer, a thin platinum film was deposited and driven by an AC power supply, providing a uniform heat flux. The effective heating area is 16.000 · 4.200 mm 2 , which is also the optical view for the infrared radiation image temperature measurements. Since the thin bright film gives poor temperature readings for the IR image system, a very thin ''black lacquer'' was painted on the surface of the thin heating film. A two-dimensional y-z coordinate was attached on the effective heating area, with z as the axial flow direction while y as the perpendicular width direction, as shown in Fig. 1b . Figure 1b also shows the relative positions of the flow view field, the parallel microchannel area, the thin film heating area and the entire silicon wafer.
The thin platinum film at the back surface of the silicon wafer was powered by the AC power supply. The common frequency of the AC power is 50 Hz. We define a Bi number as Bi = R s /R film , indicating the thermal resistance of the silicon chip relative to that of the thin platinum film. We further write Bi as Bi ¼ d d film Á k film k ; where d and d film are the thickness of the silicon wafer and thin platinum film, k and k film are the thermal conductivities of the silicon wafer and thin platinum film, respectively. Giving d = 0.530 mm, d film = 5000 Å , the Bi number is in the order of one thousand, indicating that the silicon wafer has very larger thermal resistance than that of the thin platinum film. In other words, the silicon wafer significantly suppresses and slows down the transient heating on the thin film heater. The inside wall temperatures of microchannels are not affected by the transient heating of the AC power. The flow patterns in microchannels have no relationship with the heating frequency of the AC power. Figure 2 shows the experimental setup. Liquid acetone is pressurized by the nitrogen gas and flows successively through a liquid valve, a 2-lm filter, the silicon wafer, a Microfluid Nanofluid (2008) 4:575-587 577 heat exchanger, and finally returns to a liquid container. The inlet pressure of the test section was regulated by a high precision pressure regulator valve in the liquid line. A constant temperature control unit (PID) was used to maintain the liquid temperature in the tank with the uncertainty of AE0.5°C. The liquid mass flow rate was decided by the increased liquid mass over a long period of time with a high precision electronic balance with the uncertainty of 0.02 g. The inlet/outlet fluid temperatures were measured by the high precision jacket thermocouples with the diameter of 1.0 mm with the uncertainty of 0.4°C. The inlet fluid pressure was measured by a Setra pressure transducer (Model 206) with the accuracy of 1%. A Senex differential pressure transducer was connected upstream and downstream of the microchannel test section to obtain the pressure drop, with the uncertainty of 0.1%. All of the pressure and temperature signals were collected by a HP data acquisition system.
Experimental setup
Chip temperature measurement
A high resolution, high accuracy infrared radiation imaging system (FLIR ThermaCAM SC3000 IR) measures the wafer temperatures of the backside thin film. The system has a thermal sensitivity of 0.02 K at 303 K, a spatial resolution of 1.1 mrad, a typical resolution of 320 · 240 pixels over the focused area. The IR camera was centrally located so that the heating area of the silicon wafer (16.000 · 4.200 mm 2 ) is in the view field. The IR Imaging System was connected to a PC, which stores the image file and the corresponding data file which contains 6080 data points related to the focused thin film heating area.
The silicon wafer temperature measurement relies on a careful calibration of the emissivity, which strongly depends on the surface topography and the wavelengths that are interrogated. A very thin ''black lacquer'' was uniformly painted on the thin film surface of the silicon wafer. An emissivity of approximately 0.94 gives good measurement accuracies. Using this technique, the IR Imaging System was calibrated against a set of known standard temperatures with the accuracy of 0.4°C. The combined optical system consists of a Leica M steriomicroscope (Germany) and a HG-100 K high speed camera. Such system is described in Xu et al. (2005a) .
Data reduction
The liquid is the pure acetone (CH 3 COCH 3 , molecular weight of 58.08, purity [ 99.5%). The mass flux G, heat flux q, and liquid Reynolds number Re f are described as follows. Table 1 shows the physical properties of acetone.
The mass flux G is defined as the total mass flow rate over the ten cross-section area of the triangular microchannels, G = m/(NA c ), where m is the mass flow rate (kg/s), N is the total number of microchannels, A c is the cross-sectional area of a single triangular microchannel (m 2 ). The mass flow rate m is computed as the increased mass over a given period of time.
The effective heat flux, q, needs to consider the heat loss dissipated to the environment due to conduction, convection and radiation heat transfer. The heat flux is defined as q = u VI/(2NbL h ), where V and I are the voltage and current applied on the thin film heater, b and L h are the side wall width and the effective length of the heating film. u is the ratio of the heat received by the fluid to the total heating power. Single-phase flow and heat transfer experiments were performed to decide u using the energy conservation equation by the measured mass flow rate and the inlet/outlet liquid temperatures.
The liquid Reynolds number is decided by Re f = Ud h /m f , where U is the average flow velocity assuming the total fluid is flowing as the liquid phase only, d h is the hydraulic diameter of the triangular microchannels, and m f is the liquid kinematic viscosity based on the inlet liquid temperature.
The heat transfer coefficients were decided within the flow length (z-coordinate) and the width direction (y-coordinate). Because the inlet liquid is subcooled, the whole effective heating area is divided into two areas, the single-phase liquid flow area and the two-phase flow area. The length of the subcooled liquid area could be determined by the energy conservation equation as
where Q is the effective heating power. In the liquid flow area, we assume the linear liquid temperature distribution along the flow direction. The liquid temperature (T f (z)), the local vapor mass quality (x(z)), and the heat transfer coefficient (h(z,y)) were computed as
Acetone tank 
hðz; yÞ ¼ q T w ðz; yÞ À T f ðzÞ ð4Þ
T w (z,y) is the local chip temperature. It is noted that x(z) is negative and the liquid temperature is computed based on Eq.1 in the single-phase liquid area. In the two-phase area, x(z) is positive and the fluid temperature T f (z) uses the saturation temperature T sat relating to its pressure.
Since the fluid pressure is slightly varied along the flow direction, a linear pressure distribution is assumed along the flow direction, yielding the corresponding local saturated temperature. In the present study, the pressure drop across the whole silicon chip is not high, the saturated temperature of T sat is only slightly varied for a certain run case.
The above experimental procedures involve some parameter uncertainties, which have been described already. The MEMS fabrication ensures high channel size accuracy, while pressure and temperature sensors have small errors. In the two-phase experiment, the large uncertainty is the effective heating power that is received by the fluid. As described in Xu et al. (2005a) , the ratio of the heat received by the fluid relative to the total heating power, u, is in the range from 0.77 to 0.90. Thus, we set the mean average value of 0.84 for the computation of the effective heating power. This yields the effective heating power uncertainty of 6.5%. Performing the standard error analysis gives the accuracies of the vapor mass qualities of 8.9%, and the heat transfer coefficients of 6.9%. The important parameter uncertainties are summarized in Table 2 .
Description of boiling heat transfer mechanisms
Boiling heat transfer mechanisms are strongly dependent on the surface characteristics. Channel wall surface roughness strongly affects bubble nucleation sites. The typical MEMS fabrication process yields the roughness in nanoscale, sometimes less than the bubble nucleation sizes corresponding to the homogeneous nucleation. This effect results in higher liquid superheat before bubble nucleation starts. The possible nucleation sites are the three corners of the triangular channels (Xu et al. 2005a ). Based on the flow visualization, the transient heat transfer mechanisms are described in Fig. 3 .
Most of two-phase flow instabilities occur accompanying the oscillations of pressures, fluid and wall temperatures and mass flow rates, such as pressure drop type oscillation, density wave oscillation in macroscale. However, we identified that these signals are stable. This is because the response time of the pressure and temperature sensors are longer than the cycle period of the transient flow induced by the explosive boiling in silicon microchannels. Another reason may be that the parallel microchannels could suppress the oscillations of these signals by balancing the flow among the parallel microchannels. The present experimental data are representative of the stable flow boiling.
Liquid refilling stage
A new cycle can be defined at the start of the upstream fresh liquid refilling the microchannel (see Fig. 3a ). The liquid recharging process divides the channel into two . 3 Transient flow patterns triggered by the explosive boiling and heat transfer mechanism in a full cycle parts: the liquid part and the vapor part (see Fig. 3b ). Heat transfer in microchannels involves the liquid forced convective one in the liquid part, and the vapor heat transfer in the vapor part. In case the partial dryout in the vapor part, there are three liquid films accumulated in the three corners thus transient liquid film evaporation exists. This stage stops when the whole channel is filled with liquid (see Fig. 3c ).
Bubble nucleation, growth and coalescence stage
When the liquid in microchannels attain the necessary superheat, three bubbles are nucleated in the three corners at the same cross section simultaneously (see Fig. 3d ). The three corners become the active nucleation sites. The three bubbles are growing up quickly until coalescence takes place (see Fig. 3e ). Obviously nucleate heat transfer mechanism dominates in this stage.
Transient liquid film evaporation stage
The merge of the three bubbles in a specific cross section provides larger vapor/liquid interface that the superheated liquid releases its energy through the interface, causing the sharp enlarged bubble by the vapor explosion (see Fig. 3f ). The sharp increased internal pressure of the merged bubble pushes the liquid out of microchannels from both upstream and downstream directions, leaving the liquid films in the three corners (see Fig. 3g ). The liquid films become less and less versus time, until fresh liquid recharges the microchannels. Even though the liquid Reynolds number defined by the average flow rate is small (typical values of several tens or hundreds), the flush velocity induced by the explosive coalescence of the group bubbles is large, yielding the large forced convective heat transfer in the very short period in less than 1 ms. After partial dryout period elapsed, the major contribution of heat transfer is the transient liquid film evaporation. The measured heat transfer coefficient is the hybrid effects of the above mentioned heat transfer mechanisms. We totally performed 102 runs of the boiling heat transfer experiments. It is found that boiling numbers can characterize the heat transfer performance. The experiments cover the following data ranges: inlet pressures of 1-2 bar, pressure drops of 10-100 kPa, inlet temperatures of 24-45°C, mass fluxes of 64-600kg/m 2 s, heat fluxes of 150-480 kW/ m 2 . The above data range has the boiling numbers of 0.69 · 10 À3 to 5.046 · 10 À3 . Three boiling number ranges are divided: low boiling number range (0.69 · 10 À3 to 1.184 · 10 À3 for 6 runs), medium boiling number range (1.574 · 10 À3 to 3.219 · 10 À3 for 36 runs), and high boiling number range (3.562 · 10 À3 to 5.046 · 10 À3 for 37 runs). The low, medium and high boiling number regions are referred as regions 1, 2 and 3, respectively. Figure 4a shows the heat transfer performance versus the local vapor mass qualities, with increased (region 1), constant (region 2), and decreased (region 3) heat transfer coefficients versus the axial vapor mass qualities. Figure 4b shows the map of the heat transfer performance against the boiling numbers, including 7 runs transition between region 1 and 2, and 16 runs transition between regions 2 and 3.
In region 1, boiling heat transfer coefficients are increased along the flow direction for such low boiling number cases. Because limited runs are performed in this region, it needs further study. In medium boiling number region, perfect nucleate boiling heat transfer performance is identified. Boiling heat transfer coefficients are constant along the flow direction (or the axial local vapor mass qualities). They are dependent on heat fluxes while heat fluxes have no effects. Region 3 heat transfer performance shows that the forced convective heat transfer dominates the flow and heat transfer while heat fluxes are less affected. Table 3 gives six empirical correlations for the saturated flow boiling heat transfer coefficient in macro-channels while Table 4 gives these correlations in mini/micro channels. The predictive capability of these correlations is overall evaluated by the mean relative error (MRE), defined as 
When where M is the number of data points, h pred is the heat transfer coefficients predicted by the available correlations, h exp is the measured boiling heat transfer experiments. MRE is listed in Table 3 or 4 for each correlation. Evaluations of the boiling heat transfer coefficients in region 1 are not available due to the limited run cases.
Assessment of boiling heat transfer performances
in region 2 and its new correlation Figure 5 assesses the axial local boiling heat transfer coefficients with available macroscale correlations against the axial vapor mass qualities for runs 16 and 22. The two runs are selected from the 102 runs randomly. It is found that most of available boiling heat transfer correlations over-predict the measured values. The h pred /h exp is much larger than unity. However, the classical Chen's correlation gives better agreement with the experimental values. As seen in Table 3 , the MRE value range from 13.9 to 335.6% for these correlations.
In the past several years there are many studies on the boiling heat transfer coefficient measurements in miniature metallic channels. These studies yielded some empirical correlations. Tran et al. (1996) performed boiling heat transfer experiments in a small circular channel (d = 2.46 mm) and a small rectangular channel (d h = 2.40 mm) with Refrigerant 12 as the working fluid. Local boiling heat transfer coefficients were measured and the correlation is given with the vapor mass qualities up to 0.94, a mass flux range of 44-832 kg/m 2 s, and a heat flux ranger of 3.6-129 kW/m 2 . Bao et al. (2000) studied the flow boiling heat transfer coefficients for Freon R11 and HCFC123 in a smooth cooper tube (d = 1.95 mm) with heat fluxes from 5 to 200 kW/m 2 , mass fluxes from 50 to 1800 kg/ (m 2 s), vapor quality from 0 to 0.9, system pressures from 200 to 500 kPa. In these studies covering their own data range, nucleate boiling heat transfer mechanism dominates, with heat transfer only relied on heat fluxes without effects of mass fluxes. Similar studies can be found in Yu et al. (2002) .
In nucleate boiling heat transfer region, boiling heat transfer coefficients are either correlated as heat fluxes only:
or they are correlated with effects of physical properties and Weber number in the following form
where C 1 , C 2 , n,n 1 , n 2 are constants based on working fluids and run parameters. q g , q f are the vapor and liquid densities respectively, Bo is the boiling number and can be calculated by
We fo is the Weber number based on total flow as liquid and can be obtained by
where r is surface tension. Figure 6 shows the assessment of the present experiment data with available miniature metallic channels. It is seen that Yu et al. (2002) and Lazarek and Black (1982) greatly over-predict the experimental data. The correlation of Bao et al. (2000) gives better agreement with experimental data occasionally while the correlation of Tran et al. (1996) underpredicts the experimental data. The MRE is in the range of 16.7 to 438.7%.
Perfect new correlation of the present experimental data gives
with uncertainties of 10% and the MRE of 6.8%. Alternatively it is correlated as
Figures 7 and 8 give the comparisons of the new present correlations and the experimental data. It is noted that because boiling heat transfer coefficients are only dependent on heat fluxes, one point in Figs. 7 and 8 corresponding to one run. The above correlation is within the following data range: inlet temperatures of 24.5-40.0°C, mass fluxes of 96.1-362.0 kg/m 2 s, boiling number of 0.001474-0.003355.
Assessment of boiling heat transfer performances in region 3 and its new correlation
Even though many studies have been performed for miniature metallic channels, general conclusion is not reached.
Heat transfer is either stated as nucleate boiling heat transfer mechanism, or the forced convective heat transfer mechanism. Our studies show that both of the two mechanisms can occur, depending on the boiling numbers. In correlation of Chen (1966) correlation of Shah (1976 Shah ( , 1982 (d) -40% correlation of Kandlikar (1990) this subsection, we assess the boiling heat transfer performances in region 3 (forced convective heat transfer region). We compare the boiling heat transfer coefficients based on macrochannel correlations with our experimental data for runs 38 and 61 in Fig. 9 . Again it is seen that these correlations over-predict the experimental data. Generally the computed boiling heat transfer coefficients in terms of the available correlations are several times larger than the measured values. Figure 10 shows the over-predictions by the correlation of Warrier et al. (2002) with the present experimental data. For the forced convective boiling heat transfer mechanism, the measured boiling heat transfer coefficient can be correlated in the form of:
where E is the correction factor, h sp is the single-phase heat transfer coefficients assuming all the fluid flowing as liquid only:
where k f is thermal conductivity of liquid acetone. The correction factor E considers effects of mass velocity, vapor quality and heat flux. In the present study, E is correlated in terms of Re fo , Bo and x: 
All of the data falling in region 3 are involved in the correlation. As seen in Fig. 11 , good agreement is achieved with the uncertainty of 10% and the MRE of 6.2% for the present new correlation.
Conclusion and remarks
There are many reasons for the discrepancies between the available heat transfer coefficients and the measurements of boiling heat transfer in silicon microchannels. These correlations are either for macrochannels, or for miniature metallic channels, with the hydraulic diameters at least one order of magnitude larger than that of silicon microchannels. The discrepancies also come from the available correlations deduced from different working fluids, operating parameters with those for the present silicon microchannels.
The major reason for the discrepancies comes from the different surface characteristics. It should be noted that the smooth silicon microchannels have nanoscale surface roughness, at least two orders to three orders of magnitude less than the conventional miniature channels fabricated with metallic material such as copper and stainless steel. Because of this, the smooth wall of the silicon microchannel lowers the boiling heat transfer coefficients while the metallic rough surface strongly enhances boiling heat transfer. Future work is recommended for the theory of boiling heat transfer in silicon microchannels, considering its mechanism as shown in Fig. 3. 
